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CHIMERIC NEOMORPHOG ENE S IS~ OF ^'S^Ef 
_CEI^.,nTLJ^-° T - &M,rA<l ' TnTJ USIKg ARTIFICIAL MATRICES 

1 BackT r ""^ti of th e invention 

2 This is a continuation-in-part of U.S. Serial 

3 No. 933,018 entitled "Chimeric Ne ©morphogenesis of 

4 Organs Using Artificial Matrices" filed November 20, 

5 1986 by Joseph P. Vacanti and Robert S. Langer. 

6 The United States Government has riuhts in this 

7 invention by virtue of NIH grant No. 6M 26698. 

8 This invention is generally in the field of 

9 medicine and cell culture, and in particular in the 

10 area of implantable organs formed on biocompatible 

11 artificial matrices. 

12 Loss of organ function can result from 

13 congenital defects, injury or disease. 

14 One example of a disease causing loss of organ 

15 function is diabetes mellitus. Diabetes mellitus 

16 destroys the insulin producing beta cells of the 

17 pancreas. As- a consequence, serum glucose levels rise 

18 to high values because glucose cannot enter cells to 

19 meet their metabolic demands. Through a complex 

20 series of events, major problems develop in all 

21 systems secondary to the vascular changes which occur. 

22 The current method of treatment consists of the 

23 exogenous administration of insulin, which results in 

24 imperfect control of blood sugar levels. The degree 

25 of success in averting the complications of diabetes 

26 remains controversial. 

27 A recent and still experimental approach has 

28 been the transplantation of pancreatic tissue, either 

29 as a whole organ or as a segment of an organ, into the 

30 diabetic patient. Serum glucose appears to be 

31 controlled in a more physiological manner using this 

32 technique and the progression, of complications is 

33 thereby slowed. An earlier approach which was not 

34 successful in achieving long-term benefits was the 
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.1 transplantation of islet cells through injection of 

2 isolated clusters of islet cells into the portal 

3 circulation, with implantation in the vascular bed of 

4 the liver. More recent experimental methods have 

5 included encapsulation of pancreatic beta cells to 

6 prevent immune attack by the host and* injection of 

7 fetal beta cells beneath the capsule of the kidney. 

8 Although there, is evidence of short term function, 

9 long term results have been less satisfactory (5.E.R. 

10 Sutherland, m^toloaia 20, 161-185 C1981) ; D.R.R. 

11 Sutherland . Piabetolo gia, 20,435-500 (1981)). Currently 

12 whole organ pancreatic - transplantation is the 

13 preferred treatment. 

14 There are also many diseases which cause 

15 significant scarring of the liver, ultimately causing 

16 hepatic failure. There are no artificial support 

17 systems for liver failure, so that, in the absence of 

18 a successful transplant, liver failure always results 

19 in the death of the patient. It has been estimated 

20 that 30,000 people die of hepatic failure every year 

21 in the United states, at a cost to society of $14 

22 billion. dollars annually- . 

23 There are many diseases which are termed "inborn 

24 errors of metabolism" , including genetic defects that 

25 result in defects of protein metabolism, defects of 
amino acid metabolism, defects of carbohydrate 
metabolism, defects of pyrimidine and purine 

28 metabolism, defects of lipid metabolism, and defects 

29 of mineral metabolism. A large number of these 

30 diseases are based in defects within the liver itself. 

31 Hany of these patients have a structurally normal 

32 liver or reasonably normal liver at the time diagnosis 

33 is made. Many of the diseases, in fact, do not damage 
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1 the native liver, rather, the damage occurs in other 

2 organs, such as the central nervous system. 



The usual indications for liver transplantation 
include acute fulminant hepatic failure, chronic 
active hepatitis, biliary atresia, idiopathic 
cirrhosis, primary biliary cirrhosis, sclerosing 
cholangitis, inborn errors of metabolism, some forms 
of malignancy, and some other rare indications. The 
only method for treating these patients is to maintain 

10 them until a liver becomes available for 

11 transplantation. Transplantation of the whole liver 

12 has become an increasingly successful surgical 
manipulation through the 1980' s, largely through the 
efforts of Dr. Thomas Starzl. However, the technical 
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14 



15 complexity of the surgery, the enormous loss of blood, 

16 the stormy postoperative course, and the many unknowns 

17 of hepatic transplantation, have made it an expensive 

18 technology available only in major medical centers. 

19 it has become increasingly clear that because of donor 

20 scarcity, transplantation will never meet the needs of 

21 the patients who require it. Currently, approximately 

22 600 patients per year undergo hepatic transplantation. 

23 Even if that capacity were tripled, it would fall 

24 short of the 30,000 patients dying of end-stage liver 

25 disease. There currently does not exist good 

26 artificial hepatic support for patients awaiting 

27 transplantation. 

28 Another group of patients suffering from liver 

29 disease are those with alcohol induced liver disease. 

30 Currently, patients with end-stage liver disease from 

31 alcohol use do not have access to transplantation. 

32 There are several reasons for this including scarcity 

33 of donor organs and noncompliance with complex care. 

34 In the U.S. alone, this patient population is very 
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1 large. For. example, in the Baltimore area during 1973 

2 the age adjusted Incidence rates for all alcoholic 

3 liver diseases per 100, 0OG population over 20 years 

4 were: 36.3 for white males, 19.8 for white females, 

5 60.0 for nonwhite males, and 25.4 for nonwhite 
© females. The morbidity for- iiver cirrhosis has been 

7 reported to be twenty-eight times higher among serious 

8 problem drinkers than amongst nondrinkers in a survey 

9 of factory workers . There is a direct correlation 

10 between the amount of alcohol consumed and the 

11 incidence of cirrhosis. The. mortality rates for 

12 cirrhosis vary greatly from country to country, 

13 ranging from 7.5 per 100,000 in Finland to 57.2 per 

14 100,000 in France. In the U.S. , the trend has been 

15 alarming in terms of increasing incidence of alcoholic 

16 cirrhosis and death. Between 1950 to 1974-, deaths from 

17 cirrhosis in the U.S. increased by 71.7% while deaths 

18 from cardiovascular diseases decreased by 2*. At this 

19 time, these patients have no options. 

20 There are many other vital organ systems for 

21 which there is no adequate means for replacement or 

22 restoration of lost function. For example, in the 

23 past, loss of the majority of intestine was a fatal 

24 condition. Although patients can now be supported 

25 totally with nutrition supplied via the veins , this is 

26 thought of as a "half-way technology" because of the 

27 many complications associated with this technique . 

28 One problem is that, over time, many patients on total 

29 parenteral nutrition develop. . irreversible liver 

30 disease and. die of their liver disease. Other 

31 patients develop . severe blood stream infections 

32 requiring multiple removal and replacement procedures. 

33 They may eventually lose all available veins and 

34 succumb of malnutrition or die of infection. 
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Intestinal transplantation has been unsuccessful 

2 to date because of major biological problems due to 

3 the large numbers of lymphocytes in the intestine 

4 which are transferred to the recipients. These may 

5 produce an immunologic reaction termed "graft vs. 

6 host" disease, in which the lymphocytes from the 

7 transplanted intestine attack and eventually kill the 

8 patient. 

9 Diseases of the heart and muscle are also a 

10 major cause of morbidity and mortality in this 

11 country. Cardiac transplantation has been an 

12 increasingly successful technique where heart muscle 

13 has failed, but, as in the case of liver transplants, 

14 requires a donor and the use of strong 

15 immunosuppressant drugs. 

16 The emergence of organ transplantation and the 

17 science of immunobiology has allowed replacement of 

18 the kidney, heart, liver, and other organs. However, 

19 as the ability to perform these complex operations has 
improved, the limitations of the technology have 
become more evident. For example, in pediatric liver 
transplantation, donor scarcity has increased as more 
programs have opened. Only a small number of donors 
are available in the U.S. for 800-1,000 children/year 

25 in liver failure and those children that undergo 

26 transplantation are often so ill by the time a liver 

27 is found that the likelihood of success is diminished. 

28 The surgery is complex and usually associated with 

29 major blood loss. The preservation time is short and, 

30 therefore, results in major logistical problems in 

31 matching a distant donor with a recipient. For these 

32 reasons, the undertaking is expensive and labor 

33 intensive, requiring a major investment of resources 

34 available only in tertiary care facilities. 
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Selective cell transplantation of only those 
parenchymal elements necessary to replace lost 
function has been proposed as an alternative to whole 
or partial organ transplantation (p. S. Russell, AnjLs. 

5 sura. 201(3) ,255-262 11985)). This has several 

6 attractive features, including avoiding major surgery 

7 with its attendant blood loss, anesthetic 

8 difficulties, and complications. It replaces only 

9 . those cells which supply the needed function and, 
therefore, problems with passenger, leukocytes, antigen 

11 presenting cells,, and other cell types which may 

12 promote the rejection process are avoided. Adding the 

13 techniques of . cell culture provides another set of 

14 tools to aid in the transplantation process. The 

15 - ability to expand cell numbers with proliferation of 

16 cells in culture, in theory, .allows 

17 autotransplantation of one's own tissue. For example, 

18 hepatocyte injections into the portal circulation have 

19 been attempted to support hepatic function. A recent 

20 novel approach in which hepatocytes were attached to 

21 collagen coated microcarrier beads prior to injection 

22 into the peritoneal cavity demonstrated successful 

23 implantation, viability of the implanted hepatocytes, 

24 and function, as described by A,.&.Demetriou,et . al- , 

25 Science 233,1190-1192 (1986). 

26 Loss of other types of organ or tissue function 

27 such as muscle or nervous tissue can also- lead to 

28 deforming illnesses and social tragedies. Methods of 

29 muscle and nerve transfer have been developed by 

30 surgeons through the last fifty years which are 

31 ingenious in design. An example of a technique for 

32 restoring nerve function has been, to string dead nerve 

33 fibers from nerve centers to places with lost nerve 

34 function. Many other disorders of the nervous system 
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have eluded adequate medical thereapy. Recently, 

2 nerve cell transplantation has been proposed as a 

3 treatment modality in certain degenerative diseases of 

4 the nervous system such as Parkinson's disease and 
Alzheimer's disease. Auto transplantation of the 
adrenal tissue or injection of fetal cell suspensions 
into the brain appears to be of benefit. Loss, 
deformation or obstruction of blood vessels is another 
f recent cause of disease, such as high blood pressure 

10 or aneurysm. In the past, surgeons have, primarily 

11 dealt with this problem by grafting blood vessels from 

12 another portion of the body to the affected area or by 

13 implanting cloth substitutes as permanent 
replacements. Disadvantages include the requirement 
of multiple operations as well as the associated pain 

16 to the patient. 

17 Even though these techniques do not have many of 
the problems associated with transplantation of organs 
such as the liver or intestine, the results are still 

20 often imperfect. 

21 Although different from organs such as the liver 

22 and intes ting in a number of ways, skin is also an 

23 organ subject to damage . by disease or injury which 

24 performs the vital role of protecting the body from 

25 fluid loss and disease. Although skin grafts have 

26 been prepared from animal skin or the patient's skin, 

27 more recently "artificial skin" formed by culturing 

28 epidermal cells has been utilized. 

29 One method for forming artificial skin is by 

30 seeding a fibrous lattice with epidermal cells. For 

31 example, U.S. Patent Mo. 4,485,097 to Bell discloses a 

32 hydrated collagen lattice which, in combination with 

33 contractile agents such as platelets and fibroblasts 
and cells such as keratinocytes , is used to produce a 
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1 skia-e«uivaleat. U-S- latent .No. 4,060,081, fee Ifaaaas 

2 et al» discloses a multilayer ' membraa© useful as 

3 syathetle sfeia which is formed fro® aa iasoluble aoa» 

4 immuaoeeaic material which is aeadegradabl© is ta© 

5 preseaee of body fluids aad ©azymes,- such as cress- 

6 liaked composites of collage® aad a 

7 snseopolFsaeeharide, ovesrlaid with a uoa-toxie material 

8 suea .as a syath@tie polymer, for eoatrolliagr the 

9 moisture flux of the overall membraa®, . ^i. Eat©afe 

10 Sfoo «, 458, 678 to Yaaaas @t si. discloses a process .£ or 

11 makiag a skin-©quival©at material whesreia a fibrous 

12 lattice formed from cellagea eross-liaked with 

13 glyeosamiaeglyeaa is seeded with ©pidermai cells. 

14 & disadvaatage to the first two methods is that 

15 the matrix is formed of a ^permaaeat" syathetie 

16 polymer* .Sh© '678 pat©at has a feature taat aeitaer 

17 of ta© two prior pateats has, a biodegradable matrix 
which can- be formed of aay shape, usia© th© 



19 appropriate cells to produce aa orgaa such as tae 

20 skia. Oufortunately, there is a lack of eoatrol over 

21 tae compos ition aad eoaf iguratioa of tae latter 
matrices sine© they are primarily eased ea collages^ 
Further, siaee eollagea is degraded, by easymatie 
actioa as well as over . time fey hydrolysis, ta© 

25 degraeatioa is <juit© variable, Moreover, the matrix 

26 is eompietely iaf iltrated with cells aad f uaetioaal ia 

27 the saseae© of the moisture eoatrolliag polymer 

28 overlay oaly whea it is grafted oato the patieat aad 

29 capillaries have formed, a vascular aetwerk through ta© 

30 eatire taiekaess of the matrix. She limitatiea of 

31 these matrices, as a fuaetiea of diffusioa is discussed 

32 ia ta© article by Taaaas aad Burke ia 

33 J.Blomed.Mater.&es. , 14, 65-81 C1980) at page 73„ 

34 Although the authors recogaised that the pore sis© aad 
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1 thickness of the matrix were controlling factors in 

2 determining viability and successful engraftment, 

3 their only ways of dealing with the lack of sufficient 

4 nutrient supply to the interior portions of the matrix 

5 at the time of engraftment were either to ignore the 

6 problem and hope the graft was thin enough and porous 

7 enough to allow sufficient capillary growth along with 

8 migration of the epithelial cells into the matrix, or 

9 to seed the graft with additional epithelial cells 

10 after sufficient capillary growth into the matrix had 

11 occurred. 

12 Although skin is considered to be an "organ- of 

13 the body, these methods for making artificial skin 

14 have not been used to make other types of organs such 

15 as a liver or pancreas, despite the all encompassing 

16 statements in the patents that the disclosed or 

17 similar techniques could be utilized to do so. It is 

18 postulated that, when these methods axe used to 

19 construct organs having a larger overall three 

20 dimensional structure, such as a liver or pancreas, 

21 the cells within the center of the organs tend to die 

22 after a period of time and that the initial growth 

23 rate is not maintained, in a manner analogous to the 

24 situation with very large tumors which are internally 

25 necrotic due to a decrease in diffusion of nutrients 

26 ..into the growing three-dimensional structure as the 

27 cell density and thickness increase. Indeed, in view 

28 of the Yannas and Burke article, it appears that 

29 growth within a matrix, even one as thin as a skin 

30 graft, presented problems until vascularization had 

31 occurred, even at relatively low cell densities. 

32 It is therefore an object of the present 

33 invention to disclose a method and means for creating 

34 a variety of organs, including skin, liver, kidneys. 
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blood vessels, nerves, end muscles, which functionally 
resemble the naturally occurring organ . 

3 It is a further object of the present invention 

4 to provide a method and means for designing, 
constructing and utilizing artificial matrices as 
temporary scaffolding for cellular growth and 

7 implantation. 

8 It is a still further object of the invention to 

9 provide biodegradable, non-toxic matrices which can be 

10 utilized for cell growth, both in. vitro and in vivo r 

11 as support structures, in transplant organs immediately 

12 following implantation. 

13 it i a another object of the present invention to 

14 provide . a method for configuring and. constructing 

15 biodegradable artificial matrices such that they not 

16 only provide a support for cell growth but allow and 

17 enhance vascularization and differentiation of the 

18 growing cell mass following implantation. 
It is yet another, object of the invention, to 

provide matrices in different configurations so that 

21 cell behavior and interaction with. other cells, cell 

22 substrates, and molecular signals can be studied in 

23 vitro. 

24 Summary of t he in vention 

25 The present invention is a method and means 

26 whereby cells having a desired function are grown on 

27 polymer scaffolding using cell culture techniques, 

28 followed by transfer .of the polymer-cell scaffold into 

29 a patient at a site appropriate for attachment, growth 

30 and function, after attachment and equilibration, to 

31 produce a functional, organ equivalent. success 

32 depends on the ability of the, implanted cells to 
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attach to the surrounding environment and to stimulate 
angiogenesis. Nutrients end growth factors are 

supplied during cell culture allowing for attachment, 
survival or growth as needed. 

After the structure is implanted and growth and 
vascularization take place, the resulting organoid is 

7 a chimera formed of parenchymal elements of the 

8 donated tissue and vascular and matrix elements of the 

9 host. The polymer scaffolding used for the initial 

10 cell culture is constructed of a material which 

11 degrades over time and is therefore not present in the 

12 chimeric organ. Vascular ingrowth following 

13 implantation allows for normal feedback mechanisms 

14 controlling the soluble products of the implanted 

15 cells. 

16 The preferred material for forming the matrix or 

17 support structure is a biodegradable artificial 

18 polymer, for example,. polyglycolic acid, 

19 polyorthoester, or polyanhydride, which is degraded by 

20 hydrolysis at a controlled rate and reabsorbed. These 

21 materials provide the maximum control of 

22 degradability, manageability, size and configuration. 

23 in some embodiments these materials are overlaid with 

24 a second material such as gelatin or aparose to 

25 enhance cell attachment. The polymer matrix must be 
configured to provide both adequate sites for 
attachment and adequate diffusion of nutrients from 

28 the cell culture to maintain cell viability and growth 

29 until the matrix is implanted and vascularization has 

30 occurred. The presently preferred structure for organ 

31 construction is a branched fibrous tree-like structure 

32 formed of polymer fibers having a high surface area. 

33 The preferred structure results in a relatively 

34 shallow concentration gradient of nutrients, wastes. 
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1 and gases, so as to produce uniform cell growth and 

2 proliferation. Theoretical calculations of the. 

3 maximum cell attachment suggest that fibers 30 microns 

4 in diameter and one centimeter in length can support 

5 125,000,000 cells and still provide access of 

6 nutrients to all of the cells. Another advantage of 

7 the. biodegradable material is that compounds may be 

8 incorporated into the matrix for slow release during 

9 degradation of the matrix- For example, nutrients, 
lO growth factors, inducers of differentiation or de- 
ll differentiation, products of secretion, 

12 immuhomodulators , inhibitors . of inflammation, 

13 regression factors, biologically active compounds 

14 which enhance or allow ingrowth of the lymphatic 

15 network or nerve fibers, and drugs can be incorporated 
IS into the matrix or provided in conjunction with the 

17 matrix, in solution or incorporated into a second 

18 biodegradable polymer matrix. 

19 Cells of one or more types can be selected and 

20 grown on the matrix. The matrix structure and the 

21 length of time and conditions under which the cells 

22 are cultured in vitro are determined on an individual 

23 basis for each type of cell by measuring cell 

24 attachment (only viable cells remain attached to the 

25 polymers) , extent of proliferation, and percent 

26 successful engraftment. Examples of cells which are 

27 suitable for implantation include hepatocytes and bile 

28 duct cells, islet cells of the pancreas, parathyroid 

29 cells, thyroid cells,. cells of the adrenal- 

30 hypothaimic-pituitary axis including hormone-producing 

31 gonadal cells, epithelial cells, nerve cells, heart 

32 muscle cells, blood vessel cells, lymphatic vessel 

33 cells, kidney cells, and intestinal cells, cells 
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forming bone and cartilage, smooth and skeletal 

2 muscle . 

3 initially growing the cells in culture allows 

4 manipulation of the cells which may be beneficial 

5 following implantation of the matrix cell structure. 

6 Presently available technology allows the introduction 

7 of genes into the cells to make proteins which would 

8 otherwise be absent, such as those resulting from 
liver protein deficiencies and metabolic defects such 
as cystic fibrosis. Repression of gene expression may 



9 



10 _ 

11 also be used to modify antigen expression on the cell 

12 surface, and thereby the immune response, so that 

13 cells are not recognized as foreign. 

14 The present invention also provides techniques 

15 and matrices for in vitro, studies. Although current 

16 methods of cell culture have provided valuable insight 

17 into fundamental aspects of cell organization and 

18 function, studies of cell behavior, communication, 
19. control, and morphogenesis have been difficult for 

20 lack of a system controllable in three dimensions. 

21 Artificial matrices which have been coated with 

22 attached cells can be embedded in extracellular 

23 matrices such as collagen, basement membrane complexes 

24 such as Matrigel*", or other materials. Various 

25 combinations of cell types, biochemical signals for 

26 growth, differentiation, migration, and extracellular 

27 
28 
29 
30 



matrix components can then be examined in vitro in a 
three-dimensional system. By controJling all of these 
elements, and watching behavior, the field of 
biomedical science may gain new insights into the 

31 actions of cells in a setting more closely resembling 

32 structure as it occurs in nature. 
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1 Brief Description of t he Drawings 

2 Figure 1 is a schematic of the process of the 

3 present invention to produce a chimeric organ, in this 
diagram, a liver, pancreas or intestines (1) the 
appropriate parenchymal cells are harvested, 
dispersed, and seeded onto the polymer matrix in cell 

7 culture, where attachment and growth occur and {2* a 

8 partial hepatectomy is performed • to stimulate growth 

9 of the transplant and the polymer-cell scaffold is 
then implanted into the recipient animal - where 

11 neovascularization, cell growth, and reabsorption of 

12 the polymer matrix occurs* 
Figure 2 are the chemical structures of polymers. 

which have been used for biodegradable cellular 

15 matrices? w U) polygalactia (b> polyorthoester? and 

16 (c> polyatthydri.de- 
Figure 3 is . a diagram . . demonstrating the slow 

release of biologically active factors from the 

19 polymer matrix. 

20 Figure 4 -is a diagram of a technique to study in 

21 vitro morphogenesis using biodegradable polymers, 

22 cells, and matrix. 

23 Figure 5 is a photograph {17 2x) of hepatocytes 

24 attached to fibers of polyglactin 910 after 4 days in 

25 culture . Cells are stained with Hematoxylin and 

26 Eosih. 

27 . Figure 6 is a photograph of bile duct epithelial 

28 cells cultured on polymer fibers for one month- 

29 Figure 7 is a photograph (172X) of an implant of 

30 hepatocytes from an adult rat. donor into omentum. The 

31 polymer-cell implant has been in place for 7 days 

32 before sacrifice. Hepatocytes are healthy and several 

33 mitotic figures can be seen. Blood vessels are 
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1 present in the mass. To the left, an inf lavatory 

2 infiltrate in the area of the polymer is observed. 

3 Cells are stained with Hematoxylin and Bosin. 

4 Figure 8 is a scanning electron micrograph 

5 (121X) of hepatocytes attached to polymer fibers for 

6 one week. 

7 Figure 9 is a higher magnification (1600X) of 

8 the hepatocytes on polymer fibers of Figure 8. 

9 Figure .10. is a photomicrograph (10X) of an 

10 intestinal cell implant into omentum ten days after 

11 implantation. It shows a 6 mm cystic structure that 

12 has formed in the omentum with blood vessels streaming 

13 into it. Polymer fibers can be seen in the wall of 

14 the cyst. 

15 Figure 11. is a photograph (172X) of a cross- 

16 section of the cyst of Figure 10 demonstrating a 

17 luminal structure lined by intestinal epithelial 

18 cells. These cells show polarity. The lumen contains 

19 cellular debris and mucous. The white oval areas to 

20 the left of the lumen represent polymer fibers. They 

21 are surrounded by an inflammatory infiltrate and new 
blood vessels. A layer of smooth muscle can be seen 
to the right of the lumen, suggesting that this cyst 
may have arisen from a small intestinal fragment. 
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25 Hematoxylin and Eosin 
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Figure 12 is a photograph of Islets of the 
pancreas attached to polymer fibers after four weeks 
In culture, showing some secretion of insulin in 

29 response to glucose. 

30 Figure 13 is a photograph of polymer fibers 

31 seeded with bovine aortic endothelial cells in a 

32 biomatrix. The cells can be seen migrating off the 

33 polymer into the matrix in a branch-like orientation. 
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1 Figure 14 is a photograph of bovine aortic 

2 endothelial cells attached to polymer fibers after one 

3 month, in culture. 

4 Figure 15 is a phase contrast photomicrogarph 

5 showing polymer fibers coated with mouse fetal 
g fibroblasts., The fibroblasts can be seen streaming 
7 off the polymer fibers in a straight line onto the 

6 culture dish.. 

9 Figure IS. is a phase contrast photomicrograph of 

10 polymer fibers coated with "mouse fetal fibroblasts* 

11 These fetal .fibroblasts have migrated off of the 

12 polymer through media and have attached at the bottom 

13 of the tissue culture plate. 

14 Figure 17 i» a scanning electron micrograph 

15 C472x) of a polyanhydride fiber immersed in a 

16 phosphate buffer solution, indicating that immersion 

17 of -polymer fibers in differing buffers can alter the 

18 polymer surface and, therefore, influence cell 

19 attachment and differentiation* 

20 Figure 18 is a scanning electron micrograph 

21 <493x) of polymer fibers coated with 1% geiatin, 

22 showing that the polymer fibers can be coated with 

23 cell adhesion agents to increase cell attachment. 

24 Figure 19 is a perspective drawing of a 

25 bioabsorbable polymer fiber used for growth of nerve 

26 cells.- 

27 Figure 20a is a plan drawing of polymer spicules 

28 seeded with heart muscle cells and implanted on the 

29 myocardium of the heart* 

30 Figure 20b is an enlarged plan view of a 

31 spicule,, as shown in Figure 20a* 

32 Figure 21a is a cross sectional view of Wells 

33 containing various thicknesses of collagen (0, 3.0 mm, 
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1 5.5 mm, 9.0 mm, and 12.0 mm) interspersed between 

2 bovine capillary endothelial cells and the media. 
Figure 21b is a graph of the collagen thickness 

(mm) versus number of cells surviving after 24 hours 
in the wells shown in Figure 21a. 

Figure 22 are photographs demonstrating the 
effect of diffusicn distance on cell viability and 
8 proliferation diagrammed in Figures 21a and. 21b: (a) 
cells from the control well after twenty-four hours, 
the cell number having doubled in twenty-four hours; 

11 <b> cells overlayed with 5.5 mm of 0.32% collagen, 

12 showing that the cell viability is markedly diminished 

13 and the cell number is far less than the initial 

14 plating number; and (c) cells overlayed with 12 mm of 

15 hydrated collagen placed between media and cells, 

16 showing that all of these cells are rounded and have 

17 died. 

18 Pa tailed Descript ion of Invention 

19 The present invention is a method to provide 

20 functional organ equivalents using bioabsorbable 

21 artificial substrates as temporary scaffolding for 

22 cellular transfer and implantation. The success of 

23 the method depends on the integration of the following 

24 principles: 
25 
26 
27 
28 



1. Every structure in living organisms is in a 
dynamic state of equilibrium, undergoing constant 
renewal, remodeling and replacement of functional 
tissue which varies from organ to organ and structure 

29 to structure. 

30 2 . Dissociated structural cells tend to reform 

31 structure, depending on the environment in which they 
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1 are placed and the degree of alteration which they 

2 have undergone. * 

3 3- Tissue cannot, be implanted in volumes 

4 greater than approximately one to three mm 3 , because $ 

5 nutrition is supplied by diffusion, until new blood 

6 vessels form, and this distance is the maximum 

7 distance over which diffusion can transpire until 

8 angxogenesis occurs 

g 4. Cell shape is determined by cytoskeletal 

10 components and attachment to matrix plays an important 

11 role in cell division and differentiated function- If 

12 dissociated cells are placed into, mature tissue as a 

13 suspension without cell attachment,, they may have a 

14 difficult time finding attachment sites , achieving 

15 polarity, and functioning because they begin without 

16 intrinsic organization- This limits the total number 

17 of implanted cells which can remain, viable -;. to 

18 organize, proliferate, and function* 

19 The latter principle is a key point in the 

20 configuration of the support matrices. For an organ 

21 to be constructed in tissue culture and subsequently 

22 successfully implanted , the- matrices must have 

23 sufficient surface area and exposure to nutrients such 

24 that cellular growth and differentiation can occur 

25 prior to the ingrowth of blood vessels following 

26 implantation. After implantation/ the configuration 

27 must allow for diffusion of nutrients and waste 

28 products and for continued blood vessel ingrowth as 

29 cell proliferation: occurs. 

30 This method for replacing or supplementing lost 

31 organ f unction - has a number of advantages over either 

32 pharmacologic manipulation or transplantation of whole 

33 organs or parts of organs. Although great strides 

34 have been made in these areas r the results of these 
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1 efforts are often deficient. Success in 

2 transplantation or pharmacologic manipulation may 

3 modify the outcome of a disease, but it usually does 

4 not result in cure, or it trades the original disease 
for the complications of non-specific 

6 immunosuppression. 

7 one advantage of the present method is that it 

8 provides a means for selective transplantation of 

9 parenchymal cells which possess the necessary biologic 
^0 function, without transplantation of passenger 

11 leukocytes and antigen-presenting cells. The result 

12 is greatly reduced risk of rejection- of tissue without 

13 the use of drugs, especially if one is able to culture 

14 cells of the same or similar HLA tissue type. The 

15 present invention has another advantage over other. 

16 . means for treating organ function loss since the cells 

17 may be manipulated while in culture to introduce new 

18 genes to make absent protein products or modified to. 

19 repress antigen expression on the cell surfaces so 

20 that immunosuppression is not needed when cells of the 

21 same HLA tissue type are not available. For example, 
23 a gene for insulin can be inserted into the patient's 

own deficient Islet cells. Other conditions can be 
corrected by insertion of the genes correcting Factor 
VIII deficiency, OTC deficiency, and disorders of 

26 carbohydrate and lipid metabolism. Techniques for the 

27 isolation, cloning and manipulation of these genes are 

28 available to those skilled in tWe art of genetic 

29 engineering. 

30 The prospect of culturing the recipient's own 

31 cells for implantation has a further, more fundamental 

32 advantage: the elimination of the need for organ 

33 donors. For example, if a patient has lost 90* of his 

34 intestine because of ischemic damage, cells from the 
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1 remeiaiug 10% can be harvested and cultured. The 

2 cells expand in a logarithmie fashion in culture. The 

3 cells are cultured until suitable numbers of cells are 
6 achieved, the cells age grown oat© the appropriate 

5 polymer scaffold, and placed hack into the patient, to 

6 be allowed to vascularize, ssot? and function as a 

7 neointestine . 

g la the ease of lives function replacement, it 

9 may be possible to construct a cell-matrix structure 

10 without the absolute need for hepatoeyte prolif eratioa 

11 in culture. This hypothesis is based on the 

12 observation tfaat a high yield of hepatoeytes can be 

13 obtained from a small pi@ce of liver. For example, in 

14 essperimeats on 250 gm rats, it is kao^a that the liver 
IB weighs approximately 12 s». At a 90% viability rate 

16 this yields 2.5 s 10 s viable hepatoeytes. St is also 

17 thought that only .10%, of hepatic cell mass- is 

18 necessary for cell function, Therefore, for a 250 gm 
If rat, .1.2 gm of tissue is needed, an implant of 

20 approximately 2.5 x 10* cells. This assumes no 

21 proliferation in vivo, implants into children as well 

22 as adults are theoretically possible. An 8 month 

23 child has a aormal liver that weighs approximately 2S0 

24 gnu That child would, therefore, need 23 gm of tissue 
23 from a biopsy from a parent. An adult liver weighs 

25 approximately 1300- gm, therefore, the biopsy would 

27 only he about 1.5% of his liver or 3.0 x. 10® cells. 

28 Again, this assumes no proliferation. An adult would 
as need a larger biopsy which would yield, about 2.5 x 10 s 

30 cells. If these cells are attached with high 

31 efficiency and implanted, proliferation in the new 

32 host should occur. The resulting hepatic cell mass 

33 should be adeguat® to replace aeeded function. 
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in distinct contrast to the prior art, the 
present method uses a temporary scaffolding for 
controlled growth and proliferation of cells in vitro, 
followed by implantation of functional cells into 

5 patients. The result is an organ which is 

6 vascularized in vivo to allow growth of the cells in a 

7 three-dimensional configuration similar to that of the 

8 organ whose function they are replacing. Both the 

9 design and construction of the scaffolding, as well as 

10 the conditions of the initial cell culture, are used 

11 to encourage cells to achieve their biological 

12 potential and replicate the ontogeny of organ 

13 formation which occurs in embryonic and fetal life. 

14 As described herein, this technique is termed chimeric 

15 neomozrptiogenesis - 

16 The design and construction of the scaffolding 

17 is of primary importance. The matrix. should be shaped 

18 to maximize surface area to allow adequate diffusion 

19 of nutrients and growth factors to the. cells. The 

20 maximum distance over which adequate diffusion through 

21 densely packed cells can occur appears to be in the 

22 
23 



25 



27 
28 
29 



range of approximately 100 to 300 microns under 
conditions similar to those which occur in the body, 



24 wherein nutrients and oxygen 



diffuse from blood 



vessels into the surrounding tissue. The actual 
26 distance for each cell type and polymer structure must 
be determined empirically, measuring cell viability 
and function in .yitro and in viyo. This determination 
for bovine capillary endothelial cells in combination 

30 with a collagen matrix will be described in detail in 

31 a subsequent example. 

32 The cells are initially cultured using 
techniques known to those skilled in the art of tissue 
culture. Once the cells have begun to grow and cover 
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1 the aateix, they are implanted in a patient at a site 

2 appropriate for attachment , growth and gunetion. On® 

3 ©2 the advantages of a biodegradable polymeric metrias 

4 is that angiogenic and other- bioaetiv© eoapomads may 

5 be incorporated directly into the matrix sc- that they 
f ere slowly released a® the metrias . degrados in yiy®« 

7 &s the eell-polyaer structure is vascularized and the 

8 structure degrades, the cells will digferentiate 

6 according to their inherent characteristics - For 

10 eseaaple, cells which should normally form tubules 

11 within the body will shape themselves into structures 

12 resembling tubules and neev® cells will extend along 

13 an appropriately constructed pathway «• 

3^ 2a tae preferred embodiment, the ms.tr is is 

15 germed of a bioabsorbable, or biodegradable, synthetic 

16 polymer such as a poly anhydride, polyerthoester , or 

17 polyglyeolie acid, the structures ©g which, are shown 
IS in Figure 2. in some embodiments, attachment of the 

19 cells to the polymer is enhanced by coating the • 

20 polymers with compounds such . as basement membrane 

21 components, agar, agarose, gelatin, gum arabic, 

22 collagens types 2, IX, XXX, XV; . and V, gihroaectin, 

23 laminin, glyeosaminoglyeahs , miaetures thereog, and 

24 other materials fesown to those skilled in the art o£ 

25 cell culture o For in vitro studies, non-biodegradable 

26 polymer materials can be used, depending e» the 

27 ultimate disposition of this growing cells, including 

28 polymethacrylate and silicon polymers „ A non- 
2© Segradabl© material is particularly useful when the 
'30- cells are grown in culture for purposes other than 

31 transplantation, as in understanding cell to cell 

32 interactions behavior, communication, control, and 

33 morphogenesis , . since the preferred matrix structure 

34 allows for a higher immobilised cell density than can 
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1 normally be achieved where nutrients are supplied 

2 solely by diffusion. 

3 All polymers for use in the present invention 

4 must meet the mechanical and biochemical parameters 

5 necessary to provide adequate support for the cells 

6 with subsequent growth and proliferation. The 

7 polymers can be characterized with respect to 

8 mechanical properties such as tensile strength using 
an instron tester, for polymer molecular weight by gel 
permeation chromatography (GPC) , glass transition 

11 temperature by differential scanning calorimetry (DSC) 

12 and bond structure by infrared (IR) spectroscopy; with 

13 respect to toxicology by initial screening tests 

14 involving Ames assays and in vitro teratogenicity 

15 assays, and implantation studies in animals for 

16 immunogenicity, inflammation, release and degradation 

17 studies. 

in vitro cell attachment and viability can be 
assessed using scanning electron microscopy, 
histology, and quantitative assessment with 

21 radioisotopes . 

22 The configuration of the polymer scaffold must 

23 have enough surface area for the cells to be nourished 

24 by diffusion until new blood vessels interdigitate 

25 with the implanted parenchymal elements to continue to 

26 support their growth, organization, and function. 

27 Polymer discs seeded with a monolayer of cells, and 

28 branching fiber networks both satisfy these needs. 

29 At the present time, a fibrillar structure is 
preferred. The fibers may be round, scalloped. 



18 
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20 



30 



31 flattened, star shaped, solitary or entwined with 

32 other fibers. The use of branching fibers is based 

33 upon the same principles which nature has used to 

34 solve the problem of increasing surface area 
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1 proportionate to volume increases. All multicellular 

2 organisms utilize this repeating branching structure, 

3 Branching systems represent communication networks 

4 between organs as well as the functional units of 

5 individual organs. Seeding and implanting this 

6 configuration with cells allows implantation of large 

7 numbers of cells, each of which is exposed to the 

8 environment of the host, providing for free exchange 

9 of nutrients and waste while neovascularization is 

10 achieved. 

11 The method of tbe present invention is 

12 diagrammed in Figure 1. Cells 10 of the type required 

13 to provide the. desired organ function are obtained 

14 from a donor, the recipient, or a cell culture line. 

15 A suspension 12. of, for example, liver, intestine, or 

16 pancreatic cells is prepared and seeded onto the 

17 polymer matrix 14, The cell^polymer scaffold 16 is 

18 cultured for an appropriate time under optimized 

19 conditions- The cell-polymer scaffold 16 is then 

20 implanted. In the example of an organ to provide lost 

21 liver function, the organ is implanted into the 

22 omentum adjacent the portal circulation which seirves 

23 as a source of neovascularization. Optionally, 

24 partial hepatectomy is performed to stimulate cell 

25 regeneration. In addition to providing an adequate 

26 blood supply, "hepato trophic" factors from the portal 

27 circulation aid in hepatic regeneration. It is also 

28 thought that factors such as insulin from the 

29 pancreatic blood- supply specifically aid in the 

30 regenerative process. Alternatively, these factors, 

31 including nutrients, growth factors, inducers of 

32 differentiation or de-differentiation, products of 

33 secretion, immunomodulators, inhibitors of 

34 inflammation, regression factors, biologically active 
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1 compounds which^ enhance or allow ingrowth of the 
3 lymphatic network or nerve fibers, and drugs, can be 

3 incorporated into the matrix or provided in 

4 conjunction with the matrix, as diagrammed in Figure 

5 3. 

6 The branching fibers 14 shown in Fig. 1, when 30 

7 microns in diameter and 1.0 cm in length, can 

8 theoretically support 125,000,000 cells. In the 

9 example in which a liver organ is constructed, the 

10 cell populations can include hepatocytes and bile due* 

11 cells. Cells may be derived from the host, a related 

12 donor or from established cell lines. Fetal cells 

13 lines may be utilized since these cells are generally 

14 more hardy than other cell lines. 

15 In one variation of the method using a single 

16 matrix for attachment of one or more cell lines, the 

17 scaffolding is 'constructed such that . initial ceil 

18 .attachment and growth occur separately within" the 

19 matrix for each population. Alternatively, a unitary 
scaffolding may be formed of different materials to 
optimize attachment of various types of cells at 
specific locations. Attachment is a function of both 

23 the type of cell and matrix composition. 

24 Although the presently preferred embodiment is 
to utilize a single cell-matrix structure implanted 
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25 

26 into a host, there are situations where it may be 

27 desirable to use more than one cell-matrix structure, 

28 each implanted at the most optimum ti>*e for growth of 

29 the attached cells to form a functioning three- 

30 dimensional organ structure from the different cell- 

31 matrix structures. In some situations, it may be 

32 desirable to prepare the implantation site by 

33 initially exposing the cells at the site to a 

34 biodegradable polymer matrix including compounds or 
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1 "de-differentiators ro w hic k induce a revision of the 

2 surrounding mesenchymal cells /to become more 

3 embryonic. Th© implanted cell matrix structure may 

4 then develop aer© normally is ^® fsfcaX environment 

5 than it would susrouaded by aor© . mature eeXXs. 

S &s»pXyiag the above-descr.ibed teehaigues and 

7 aateriels to the design, coastructioa and implantation 

8 of a fuaefeioaal liver- type organ, ©ae would begin with 

9 loag, soXid fibers seeded with bile duet epithelial 

10 cells inserted into a structure seeded with 

11 hepateeytes. After implantation and degradatioa of 

12 the polymer, the bile duct cells would form the 

13 appropriate connections for delivery of the fell® to 

14 the desired locations. Ingrowth of the vascular 

15 supply, lymphatic network and nerve gibers ceuld b® 
IS encouraged. The combination polymer-cell scaffold 

17 with both attached hepstecytes and biliary epithelial 

18 cells could be implanted into a retroperitoneal ■ 

19 position behind the mesocolon, An extension ©f the 

20 biliary conduit can be tunneled through the mesocolon 

21 and into a limb ot Jejunum so that - biliary drainage, 

22 can enter into . the jeiuaua or upper intestine,. &s 

23 vascularization, cell-cell reorganization and polymer 

24 resorption occur, . hepatic function should be replaced 

25 sad bile flew should commence and proceed into the 
2S intestine. This location has several potential 

27 advantages because of its vascular supply* Xt is 

28 knowa that "hepate trophic" factors come from the 
2f portal circulation and supply the liver for 

30 regeneration. Sagiogeaesis may ©eeur from the portal 

31 bed immediately adjacent to the pancreas, a known 

32 source ©f hepatotrophie - factors, as the inflow to 

33 these implanted hepatoeytes. She outflow may be 

34 through retroperitoneal .collaterals that draia iato 
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1 the systemic circulation through the hemiazygos 

2 system. If this occurs, there would be portosystemic 

3 channels through the implanted hepatic cells which may 

4 allow for decompression of portal hypertension, a 

5 complication leading to gastrointestinal bleeding in 

6 patients with end-stage liver disease. 

7 m the case of metabolic liver disease, where 
the native liver is structurally normal and can drain 
bile, appropriate hepatocytes on scaffolds can be 
placed directly into the recipient liver. This 
intrahepatic engraftment would occur in relation to 
the normal host biliary system. The native liver 

13 would then be a chimera of patient cells and donor 

14 cells draining into the patient's biliary tree. 
For this procedure to be successful, the 

function of the implanted cells, both ia vitro as well 
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15 

17 171* vivo, must be determined. In vivo liver 

18 function studies can be performed by placing a cannula 

19 
20 
21 



into the recipient's common bile duct. Bile can then 
be collected in increments. Bile pigments can be 
analyzed by high pressure li<iuid chromatography 

22 looking for underivatized tetrapyrroles or by thin 

23 layer chromatography after being converted to 

24 azodipyrroles by reaction with diazotized 

25 azodipyrroles ethylanthranilate either with or without 

26 treatment with B -glucuronidase. piconjugated and 

27 monoconjugated bilirubin can also be determined by 
thin layer chromatography after alkalinemethanolysis 



28 



29 of conjugated bile pigments. In general, as greater 



30 



numbers of functioning transplanted hepatocytes 

31 implant, the levels of conjugated bilirubin will 

32 increase. The same technique measuring mono conjugated 

33 and diconjugated bilirubin can be performed in vitro 

34 by testing the media for levels of these bilirubin 
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1 conjugates. - &asl©s©us ©rgaa fuaeti©a studies ean be 
.2 eoadueted using techaigues knowa t© these skilled ia 
3 the art, sreguired to determine th© extent: of ©ell 

6 function both ia e©ll ©ultur© ©ad aftes implaafeatiea. 
S Xa order t© optiais© ©oaditieaa for forming 
<g implaats, ©ace ia vitro sad £g yiv© function has b@@a 

7 eoafismed, stadias . into ja©2?ph©g©aesi& of ta© 

8 ©tructur©® caa be initiated* Bile duet epithelial- 

9 cells which have been harvested eaa be seeded ©at© 

10 polymer, scaffolds. Shes© scaffolds csa thea b© 

11 seseeded with hepatoeytes. 2h© cell-cell 

12 interactions, shown schematically ia figure «, caa b© 

13 monitored ia vitr o by time laps© vide© micircseepy as 

14 well as histological eeetioas fesr light aiesrosecpy, 

15 transmission microscopy, aad scaaalag .©lectsoa 
IS microscopy. • 

17 studies using labelled glucose as. well as 

.18 studies using pre fee is assays csa. be performed t© 
l§ quantitate cell mass ©a th© polymer scaffolds.. These 

20 studies of cell mass csa thea be correlated with cell 

21 functional studies to determine what the appropriate 
22- cell mass is. 

23 ssi® f ©llowias ©samples demonstrate actual 

24 attachment of cell preparations t© bioerodabl© 

25 artificial polymers is ©ell culture aad implaati©n 
2S this p©lym©r~c©ll scaffold into animals. Usiag 
27 staadard teehaigues of cell harvest, singl© cells and 
2i clusters, of fetal aad adult rat aad mouse hepatocyt©s, 
29 paaereatle islet cells , aad small intestinal cells 
39 have been seeded ©at© biodegradable polymers of 

31 polyglaetin S10, polyaahydrides , . aad polyorthoester. 

32 Sixty-five £©tus©s sad i& adult aaimals served as 

33 doaorso Oae huadred and fifteen polymer scaffolds 
3<8 were implanted into 70 recipient . aaimals i 65 seeded 
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1 with hepatocytes? 23 with intestinal cells and 

2 clusters; and 26 with pancreatic islet preparations. 

3 The cells remained viable in culture, and in the case 

4 of fetal intestine and fetal hepatocytes, appeared to 

5 proliferate while on the polymer. After 4 days in 

6 culture, the cell-polymer scaffolds were implanted 

7 into host animals, either in the omentum, the 
interscapular fat pad, or the mesentery. In 3 cases 
of fetal intestinal implantation coupled with partial 
hepatectomy, successful engraftment occurred in the 

11 omentum, one forming a visible 6.0 mm cyst. Three 

12 cases of hepatocyte implantation, one using adult 

13 cells and two using fetal cells, have also engrafted. 

14 showing viability of hepatocytes, mitotic figures, and 

15 vascularization of the cell mass. 

16 Materials and Methods 

17 Polymers: 

18 Three synthetic absorbable polymers were used to 

19 fabricate filaments and discs as matrices for cell 

20 attachment, growth, and implantation (Fig. 2). 

21 i. Polyglactin. This polymer, developed as 

22 absorbable synthetic suture material, a 90:10 

23 copolymer of glycolide and lactide. is manufactured as 

24 Vicryl* braided absorbable suture (Ethicon Co., 

25 Somerville, Mew Jersey) (Craig P .H. , Williams J .A. , 
Davis K.W., et al.: A Biological Comparison of 
Polyglactin 910 and Polyglycolic Acid Synthetic 



26 
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28 Absorbable Sutures. Surgu. 141? 1010, (1975)). 
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2. Polyorthoesters . The specific polymer used 

30 was: 3, 9-bis (ethylidene-2, 4, 8, 10-tetraoxaspiro[5. 5] 

31 undecane copolymer with tran-1 , 4-cyclohexanedimethanol 

32 and 1, 6-hexandiol in a molar ratio 2:1:1. respectively 
(SRI, California) (Heller J., Penhale W.H., Helwing 



33 



WO 88/03785 - 



PCT/US87/03091 



-30- 

1 R..F. f et al.: Release of Norethindrbne from Polacetals 

2 and Polybrthoeste-rs. AlCh^Sympo s i*"° Series, 206? 77, 

3 pp. 28-36 (1981>>. 

4 3. polyanhydride. The specific polymer used 

5 TOS a copolyanhydride of bis {1,4- 

6 carboxyphenoxy ) propane and sebaeic add.. It is 

7 biocompatible and has been used extensively in drug 

8 delivery applications (Keller J., Penhaie W.H. , 

9 Helwing R.F., et al.: Release oi Horethindrone from 

10 polyacetals and. Polyorthoesters '. AIChE symposium 

11 Serie s, 206? 77, pp. 28-36 1981? Leong K.W. , D'Amore 

12 P.; Marietta M. , et al* Bioerodable Polyanhydrides as 

13 Drug Carrier Matrices. II. Biocompatibility and 

14 Chemical Reactivity. J. Blom*a. Mat. Res. 20: 51, 

15 1986? Domb A.J. , Lanaer R.s Polyanhydrides I. 

16 Preparation of High Molecular Weight Polyanhydrides. 

17 j. golv. Scl. , in press? Kopaeek J-» UlbriehK.: 

18 Biodegradation of Biomedical Polymers. Prog. Poly_s_ 

19 Scl 9tl , (1983, and references within) . 

20 Polymer Configuration: 

21 The polyglycolide was used as supplied by the 

22 manufacturer. Small wafer discs or filaments of 

23 polyanhydrides and polyorthoesters were fabricated 

24 using one of the following methods: 

23 a. Solvent Casting. A solution of 10% polymer 

26 in methylene chloride was cast on a branching pattern 

27 relief structure . as a disc 10 mm in diameter for 10 

28 minutes at 25°C using a Carver press. After solvent 

29 evaporation, a film O.S mm in thickness with an 

30 engraved branching . pattern on its surface was 

31 obtained. 

32 B. Compression Molding. 100 mg of the polymer 

33 was pressed (30,000 psij into a disc having a 



WO 88/03785 



PCT/US87/03091 



3 
4 
5 



-31- 

1 branching pattern relief, 10 mm in diameter and 0.5 mm 

2 thick. 

C. Filament Drawing. Pilamenta were drawn from 
the molten polymer (30 microns in diameter). Small 
flattened 1.0 'cm. tufts were used for the experiments. 

6 D. Polyglactln 910. Multiple fibers of 90:10 

7 copolymer of glycolide and lactide converging to a 

8 common base were fashioned from suture material of Q- 

9 Vicryl* hy fraying the braided end of the polymer. 

10 These branching fiber clusters were approximately 1.0 

11 cm. in height. The individual fibrils were 30 microns 

12 in diameter. 

13 Animals : 

14 Young adult and fetal Sprague-Dawley rats and 

15 C57 Bl/6 mice {Charles River Labs, Wilmington, 

16 Massachusetts) were used as . cell donors for all 

17 experiments. The animals were housed individually, 

18 
19 
20 



allowed access to food and water ad lib, and 
maintained at 12 hour light and dark intervals. 
Animals were anesthetised with an IP injection of 
21 pentobarbital (Abbott Labs, North Chicago, Illinois) 

22 
23 
24 
25 
26 
27 



at a dose of 0.05 mg/g and supplemented with 
methoxyflurane (Pitman-Moore, Inc., Washington 
Crossing, New Jersey) by cone administration. Petal 
animals were harvested at 13, 17 and 20 days gestation 
for use as liver, pancreas, and intestinal ..donors . 
Young adult animals were used as liver and pancreas 

28 donors and as recipients or *he cell-scaffold 

29 matrices. 

30 call Harv est and Cell Culture 

31 Liver: 

32 After the induction of anesthesia, the abdomen 

33 of young adult animals wae shaved, prepped with 

34 betadine, and opened using sterile technique. The 
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1 lives was isolated aad after hepariaisafcioa with lOO 

2 U„ off heparia {Slkias-Siaa, 2se«, , ehessy Hill , Mew 

3 Jersey) e ' the postal v©ia ™® ©aaaulated with a" 23 

4 gauge plastie XV ©aaaula (esiti&ea, lae- , Sasapa, 

5 Florida to Thm iaf esi©s veaa- eew t?a@ fcraaseetefi , the 

5 lives" flushed srith 2=3 ©ff st©rii© s&lia©. 
7 seaovad.. gross its bed, aad faraasg.erred. t© a sterile 

6 dish it p©s£u§@«l with a® ©ssygeaated solutioa 
9 of 0-02S% ©©Xlageaas© type 11 (SC^/Capp©! Fsoduetg, 

West ebester, Feaasylvaaia* by . a techai<sue modified 
fees g©i©ea . (Seleea, P.O.: Frepssatiou of sat Lives 
Cells . xilo ' gssymatie He<suis©2a®ata. ot tissue 

13 pispersioa- T- eflll v tos ° g3g 3gl ' 1&?3) " ** fcor & 

14 20 miaute perffusiea* ther lives was transferred to a 

15 sterile bo©d £©s ©ell dispessi©u aad culture, 

1§ ' ' jf two-step eollagea&se p©sfusi©a teehai<au@ . was 

17 utilised for hep&tpeyt© basv©st<> . 5h@ m yiy©. lives 

18 perfusion samt iav©iv© a e©atiau©us gl©w ©ff perfusate 

19 ©f 30-40 sua 8 per aisute, rather thaa pulsatile 

20 perfusioUo Initial bepateeyte harvests yielding 2-3 as 

21 10S cells with a . 10-20% eel 1 viability w©re isaproved 

22 to yield a 4=6 se 108 ©ell harvest with a cell 

23 viability of 80=00% by switehiag t© a peristaltic pump 

24 which provides a eeatiaueugi i le®. Various buff ffess 

25 have als© beea tested- ff©s tbeis effect* Fes. eseaiapl©, 
2© Hgggg 0 feuffges was aged t© fieeseagi© tb© acidity ©ff th© 



27 . 

2& 2>o avoid eoatssaiaati©a ©f the hepate'eyt© pelyaes 

2© scaffolds ia eultus© with ©ithes fuasus.es bacteria, 

30 . sterile technics was used both f©r is©lati©a aad 

31 pesfusioa off hep&teeytes. totibi@ties were alts© added 

32 t© th© eollageaase pesffusiea s©luti©a. 

33 Fetal animals wes© harvested by iseiatiag aad 

34 removing th© gravid uterine boras from pregaaat 
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1 animals of the appropriate gestation . The intact 

2 uterus with multiple fetuses was transferred in salxne 

3 to a sterile room, equipped with a dissection 

4 microscope. Individual fetuses were opened and the 

5 liver, intestine, and pancreas were harvested and 

6 pcoled. Organs were then transferred to a sterile 

7 hood for cell isolation. The tissues were minced, 

8 treated with a 0.025% Type II collagenase, and 

9 dispersed into cell suspensions. 
10 Pancreas : 

H After the induction of anesthesia, the abdomen 

12 of young adult animals was shaved, prepped with 
betadine, and opened in the midline using sterile 
technique. The common bile duct was isolated, and the 

15 pancreas visualized. 2.5 cc.'s of 2.0* Type II 

16 collagenase (BCA/Cappel Products, West Chester. 
Pennsylvania), was infused into the pancreas by 



13 
14 



17 



18 injection into the common bile duct using the 

19 technique described by Gotoh et al. <Gotoh M. , Maki 

20 T. , Kiyozumi T. , et al.s An Improved Method of 

21 Isolation of Mouse Pancreatic Islets. Trans^. 40; 4, 

22 pp. 436-438, 1985). After 5 minutes, the pancreas was 
transferred to a sterile hood for islet cell 
isolation. Briefly, the tissue was placed into a 25% 
Ficoll solution and layered under a discontinuous 

_ Ficoll gradient (23, 21, 11%) and centrifuged at 800 x 

27 g. for 10 minutes. Islets which aggregated at the 21- 

28 11% interface were washed with cold Hank's solution 

29 and centrifuged at 320 x g. 3 times. The islets were 

30 resuspended in RPMI . 1640 (Gibco, Grand Island, New 

31 York) media supplemented with 10% fetal calf serum, 

32 and overlaid onto polymer scaffolds. Fetal animals 

33 were harvested as donors as described above. 
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1 Intestine? 

2 Fetal intestine was obtained as described above. 

3 Polymer-Cell Scaffolds and Implantation: 

4 Cells in suspension were plated onto polymer 

5 matrices at 1 x 10« or 1 x 10« cells/cc. They were 

6 maintained in Chee's media supplemented with 10* fetal 

7 calf serum for 3-4 days in a 10% CQ2 environment, 
a Viability of cells on the scaffold immediately pre-* 
9 implantation was assessed by the trypan blue exclusion 

10 method. Young adult Sprague-Dawley rats were 

11 anesthetized, shaved over the operative site and 

12 prepped with betadine. 

13 The polymer-cell Scaffold was implanted in one 

14 of three sites t 

15 l) the interscapular fat pad? 

16 2) the omentum? and 

17 3 the, bowel mesentery. . 

18 Host animals underwent a partial hepatectomy to 

19 stimulate cell growth. Animals were sacrificed at day 

20 3, 7, or 14 and the implants were examined 

21 histologically with hematoxylin and eosin. Polymers 

22 without cells served, as controls. Polymer-cell 

23 scaffolds were examined histologically after 4 days in 

24 culture and before implantation to assess cell 

25 . attachment and viability. 

26 The following techniques are also used in the 

27 examination of the cell-matrix structures. 

28 Unmunofluorescent staining i tissue, including 

29 the cell-polymer scaffold, is frozen by immersion into 

30 isopenthane liquid, stored at -70°C in a cryostat and 

31 mounted on albumin-coated slides. After thawing for 

32 15-30 minutes at room temperature, the slides are 

33 washed with phosphate-buffered saline (PBS> . Several 

34 drops of . appropriately diluted, commercially prepared 
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1 fluorescing isothyoeyanate (FXTC) antisera labelled to 

2 the appropriate monoclonal antibody, for example, the 

3 antigen or other markers of hepatecyte membranes, 

4 are applied individually to separate moist biopsy 

5 sections. -£hey are incubated at room temperature for 

6 30 minutes in a moist chamber. Following rinses with 

7 ?BS the sections are cover-slipped with a glyeeral-SBS 
g aixture and examined using an immunofluorescence 
9 microscope <Leits> with epi-illumination and a high 

10 pressure mercury lamp as the light source . 

11 Electron microscopy; samples for electron 

12 aicroscopy are obtained from fresh tissue and fixed in 

13 2Ss glutaraldehyde, post-fixed in 1* osmiumtetroad.de, 

14 dehydrated in graded alcohols, and imbedded in epoa- 

15 8s 12. One micron thick section of the plastic 

16 imbedded tissue are made from areas of iaterest. 

17 selected blocks are trimmed, ultrathin sections made, 
and stained with uranyl acetate and lead citrate, and 



18 



19 examined with a Phillips 300S electron microscope. 

20 Scanning electron microscopy (SSM) : After hepatocytes 

21 are isolated and attached to the appropriate polymer, 

22 they are incubated for the appropriate interval. 
After culture, samples are prepared for SUM by 
iacubatiag in a SOsSO solution of 2Ss ©lutar aldehyde 
phosphate buffer solution for 1 hour, the samples are 
then rinsed € times in £SS for 10 minute© per rinse to 

27 remove excess slutaraldehyde solution. Samples are 

28 dehydrated using progressively increasing ethanol 

29 solutions . Samples are then placed in a critical 

30 point dryer where ethanol is exchanged for liquid COa . 

31 Temperature is gradually increased to the critical 

32 point, ensuring dehydration. The samples are then 

33 coated with a thin layer of gold and placed under high 

34 vacuum in the scanning electron microscope. 
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1 Seventy-aine animals which included 14 adults 

% and ©5 fetuses were used as donors for cell hardest.? 

3 115 polymer scaffolds were prepared fo? isaplantatioa. 

4 Sixty-sis of thes® scaffolds were seeded with 

5 hepatocytes, 23 with istesfeiaal eellf and clusters, 

6 and 2S with paacreatie islets and cell preparatioas . 

7 Implantation was performed ia 70 recipieat aaimals. 
g Fifty-eight were saerif iced at 7 days histologic 
9 examiaatioa of th© implant while 3 were eseamiaed at 3 

10 days, and 9 at 14 days af ter implaatatioa. 

11 Cell viability oa ta© polymer scaffold at 3 to 4 

12 days ia culture varied with, the type of polymer 

13 material used. ' Figure 5 shews hepatoeytes oa polymer 

14 matrices £©r four days, Figure € shows bile duet 

15 epithelial cells oa polymer fibers for ©ae aoatb. 
1© Figures 8" and 9. show hepatoeytes attached to polymer 

17 fibers for on© week. &©ss taaa .10% of the cells wer© 

18 'viable ©a the pelyanaydride discs, whereas 80% ef 

19 cells cultured oa polyorthoester discs aad filaments 

20 reaaiaed viable, and over 90$ survived on polyglaetia 

21 910. 

22 Hepatoeytes placed oa polygalactia fibers for 

23 tag'©© weeks ia culture showed evidence of significant 

24 proliferation with aodul© f ©rmatiea one to tare© mm ia 

25 diameter with f ragaeated fibers iaterspersed withia 
2S the cell mass -. 

y? Slood vessel ingrowth was noted tare© days af ter 

28 implaatatioa with all ©f fehe polymer types aad. 

29 configurations, la the implanted fiber networks, new 

30 bl©od vessel® formed ia the interstices betweea the 

31 p©lym©r filsmeats. The pelymer discs showed capillary 

32 format ioa immediately adjacent to the polymer 

33 material. Shis aagiogeaic response aeeeapaaied aa 

34 inflammatory infiltrate which displayQd both en acute 
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1 phase and a chronic foreign body reactien to the 

3 implanted polymers. The intensity of iaf lammetion 

3 varied with the polymer type tested* polyanhydride 

6 elicited the most severe acute sad chronic response 
5 although the iaf lammation surrounding branching fibers 
i of either polyorthoester or polyglactia appeared 

7 proportionately greater than the disc configuration 
S because of the greater surface area of exposed foreign 

9 material to best. 

10 Histologic examination of liver cell implants in 

11 3 animals showed evidence of successful engraftment of 

12 hepatocytes at seven days, as shown by Figure 7. 
13- Small clusters ' of healthy appearing hepatocytes were 

14 seen with bile eanalieuli between ad^aceat cell 

15 membranes and some areas demonstrated mitotic .figures . 

16 The cells were surrounded by an inflammatory response 

17 and. blood vessels coursed arouad and through the cell 

18 clusters. ' Polymer material was seen immediately 

19 adjacent to the cells. 

20 Successful engraftment of intestinal cells and 

21 clusters were observed in 3 animals. Histologic 

22 findings were similar to the hepateeyte implants. 0a 
33 gross examination of the implant at 7 days, a cystic 

24 structure approximately 6.0 mm is length was found at 

25 the implant site with polymer fibers displayed within 

26 its wall (Figure 10). Microscopic examination 

27 revealed well dif f ereatiated internal epithelium 

28 liniag the cavity with mucous an<; cellular debris 

29 within the lumen, shown in Figure 11. ©a© wall of the 

30 cyst contained polymer fibers, blood vessels, and 

31 inflammatory cells immediately adjacent to the 

32 intestinal epithelium. The other- wall included a 

33 muscular coating which suggested that the polymer held 

34 a small minced piece of fetal intestine as the origin 
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1 of the e^st s?h±eh eveattially developed .. The cyst 

2 displayed «tell differentiated iatestiaal epithelium 

3 with arueous seesefeias. eell©» Other clusters of 

4 iatestiaal epithelium demoastrated active mitosis* 

5 Ooatrel polymers implaated without prior- cell 

6 seeding elicited aa aagiogeaie .aad inflammatory 

7 respoas© similar to their eouaterparts which Had beea 

8 seeded with pareaehymal cells sad maintained la 
§ cult^®. -mis suggested that the cells themselves did 

10 aot play a major role in . the iaflammatioa aad 

11 aeovaseulari^atioa ' seea. Xf appropriate, 

12 immuaosuppressaat drugs may . b© iajeeted or 

13 iaeorporated iato the polymer structure. However, a 

14 limited inflammatory reaction to the iaplaat may ia 

15 fact he desirable to promote growth- Shi® eueourages 
IS a more aormal healiag response aad may play a rol<* ia 
17 the "ealliag la' 1 of aew blood vessels- 

IS The use of the doaor.'s ©wa ©ells or cells from 

19 which the lymphocytes have . been removed prior to 

20 eulturiag is ©specially important ia the eulturiag aad 

21 iaiplaatatiea of iatestiaal- cells . Xf the lymphocytes 

22 are aot removed from the iatestiaal cells prior to 

23 implaatatioa, the result eaa he "graft vs. host" 

24 disease. The preseat iaveatioa decreases this 

25 possibility siace oaly the cells aeeded for fuaetioa 
are placed oa the polymers aad implanted iato the 



23 

27 patieat. 
23 
2f 
30 



Other types of cells which have heea 
successfully cultured aad demonstrated to retaia 
fuaetioa iaclude paacreatic cells aad aortic cells » 

31 Figure 12 is a photograph of Islets of the paacreas 

32 attached to polymer "fibers after four weeks ia 

33 culture, showiag some secretioa of iasulia ia respease 

34 to glucose. Figure 13 is a photograph of polymer 
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10 
11 



fibers seeded with bovine aortic endothelial cells ia 
a biomatrix. She cells can be seen seating ©ff the 
poller iat© the matrix ia a branch-like orientation. 
$ Figure 16 is a photograph of bovine aortic endothelial 

5 cells attached to poller fibers after oae month in 

6 culture. Shese cells have bees shewn to refers* 

7 structure. Their ability to do so depends upon the 

8 environment in which they are placed and the degree of 

9 alteration they have undergone. In addition to the 
the bile duet cells which formed tubules in vitro as 
shown in Figure 6, the aortic eadothelial cells 

12 attached to polymer fibers formed branching tubule 

13 structures after one month in culture. &s the polymer 

14 fibers reserbed, the cells maintained their 

15 orientation, indicating that they secreted their own 

16 matrix to maintain their geometric conf iguration. 

17 Figure 15 is a phase contrast photomierosrph 

18 shotting polymer fibers coated with mouse fetal 

19 fibroblasts. She fibroblasts can be seen streamiag: 

20 off the polymer fibers in a straight line onto the 

21 culture dish. Shis indicates that cell-cell 

22 orientation cues have beea aaiataiaed as they migrate 

23 off the polymer fiber. 

24 Figure 16 is a phase contrast photomicrograph ©f 

25 polymer fibers coated with mouse fetal fibroblasts. 

26 Shese fetal fibroblasts have migrated off of the 

27 polymer through media and hav© attached at the bottom 

28 ©f the tissue culture plat®. Shis shows that a liviag 
39 tissue bridge has beea created betweea the polymer 

30 fiber and the tissue culture bottom by fetal 

31 fibroblasts, indicating their spatial organisation. 

32 These studies demonstrate that cells of liver, 

33 intestine, aad pancreas will successfully attach and 

34 remain viable oa polymers ia cell eultur© aad that 
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1 liver and. iateatiaal cells will successfully eagraf t 

2 ia a hostaaimal. 'Eae gollo^is© methods wee® used -o 

3 demeastrat© the optimisat£©a ©2 cell attaebmeafc t© 

4 polymers, us lag lines'. ©sd paaereas as ibfitl systems. 

5 ^ aeacsuaatitativ© eell att&ehmeat study was 

6 uaderta&ea is wales H-S.Si ' 3S3 cells were u§©d as 

7 model cells £©r attaehmeat studies . Belyaers tested 
& iacluded polyglaetia, pelyortheester, aad 
9 polyauhydride. Stfeaebaeat s£udi®s ws then performed 

10 . oa paacreatie islets- 

11 ?olvm@r greaaratloa . " 

12 Felyslaetia 910 , . polyortboester, aad 

13 polyaahydrides ' were; • .treated- with several differeat 

14 buffers ia aa effort t© ehaag® the surface 
1§ eoafermatiea ©f th® polymer* aad were eeated with 
is ^aricus materials thought t© be isaportaat for cell 
It -attaehsaeut. Each polymer was tested by s©akiag ia a 

15 citric acid buffer solutioa, pS 4.0, phosphate buffer 

19 goluti©a, m 7.0, or. a earboaate buffer, pS 10.0. 

20 These were iacubated at 37 ®C f©r 2, 5, or 7 days. 

21 ' Surface characteristics ©f the. polymer material were 

22 character ised by seauaiag eiectroa microscopy (SBMi at 

23 aagaifieatioas ©f S00S aad 1700X. 

24 Bif f ereat eeatiags iaeludeds agar at 2ft aad 5ft 

25 selutieas, agarose at 2ft, €ft, aad 7% solutious, 
2S gelatia at 1.5 ft aad lift aad gum arable at 1.5ft aad 

27 11*3 « C©atiags were prepared by makiag a s©luti©a ©f 

28 the appropriate weight of material lac deioaiged water 
2© aad auteelaviag for 3© miautes. Selutioas were 

30 m&iataiaed ia the liquid state ia a warm water bath at 

31 40-S0*e. uatil used. BTsiag sterile techaigue, each 

32 polymer was immersed iato the appropriate eoatiag 

33 material. Gelatia was cr©ss=liaked with a 50 §50 

34 solutioa ©f 2ft gluteraldehyd® sphesphat© buffer for 1 
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1 hour. A combined coating using gelatin and gum arable 

2 W as tested. Collagen coated polymers were prepared by 

3 covering the polymer with a Type IV 

4 lyophilizing this polymer-collagen materxal overnight 

5 some collagen coated samples were xmmersed xn 

6 phosphate buffer for one hour. All ^"J™ 

7 examined by SBM to determine uniformxty of coating. 

8 All samples were sterilised using UV ensure under 

9 the sterile hood for 8-12 hours. Cells were then 

10 added for cell attachment studies. 

11 rp1T attachment. Studies. . 

12 cell polymer samples were examined by phase 
* contrast microscopy and SEM using the following sample 

preparation technique. Samples were fixed by 

version in 50:50 2* gluter aldehyde .phosphate buffer 

_ * oft i.i mihPS with 



13 
14 

* 3 for 20 minutes wxtn 
16 for 1 hour and then rinsed x 3 tor 



17 
18 
19 
20 
21 



pnospnate »vm.j.»* • — 7- 

progressively increasing concentrations, of ethanol 
solutions (70%, 80%, 90%, 95%) for 20 minutes each, 
immersed in absolute alcohol overnight, dried by 
critical point drying with liquid CO, and coated with 

22 gold. 

23 isolation and purificati on of Pancreatic Tslet Cells . 
Young adult mice were anesthetized and underwent 

a midline abdominal incision using sterile technique. 
The common bile duct was isolated and c annul at ed with 
a 30 gauge needle. 2.5 cc. of Type IV collagenase was 
slowly infused through the common bile duct wxth a 

29 clamp on the duodenum so that there would be 

30 retrograde flow into the pancreatic duct. The 

31 pancreas was then removed and digested with 

32 collagenase for 45 minutes at 37«C. The pancreas was 

33 then washed with cold Hank's solution and pancreatxc 
tissue passed through a nylon mesh filter. The islets 



24 
25 
26 
27 
28 



34 



1 were then isolated using a fiis continuous Fieell 

a gradient, then washed with, cold . Sank ff s . solution and 

3 resuspendod in &FMX 1§40 media enriched with 10fc fetal 

4 calf serum. Islets -were" placed is 24 well plate® on 
i the appropriate polymer and incubated at 37®, 10% C02. 
f BJ.S.H. •3 < E3 cells were used a© a cell line for 
7 . other attachment studies . " ' 

g Figure 17 is a scanning electron micrograph 

§ («72x) of a polyaahydride fiber immersed in a 

10 phosphate huffer solution, indicating that immersion 

11 of polymer fibers in differing, buffers can alter the 

12 polymer surface and, therefor®, influence cell 



13 attachment and differentiation, 

14 Figure 18 is a scanning electron micrograph 

15 (&§3x) of polymer fibers . coated with 1% gelatin, 

16 showing that the polymer fibers can " be coated with 

17 fenown cell adhesion agents to increase cell 

18 attachment- 

If Table I is the attachment of 3T3 cells on 

20 Vicryl* 11 after B. day® in culture. Maximum attachment 

21 was found with polymer coated with 113 gelatin, 

22 collagen, and collages in. phosphate buffer, Sable XI 

23 * is the attachment of 3S3 cells on pelyor thoester , 
2S after 2 days and after * days. After 2 days, there was 
2S maximum attachment on polymer coated with erossliaked 
2S xi% gelatin-11% gum.; Aftee 5 day®, there was maximum 
27 attachment on polymer coated with . erosslinked 11% 
2S gelatin. was demonstrated to affect cell 

29 attachment g maximum attachment occurred at pS 7 for 5 

30 days- and pH 10 for 2 days, Sable XXX demonstrates 3S3 

31 cell attachment on pblyanhydride . Maximum attachment 

32 occurred with usees feed poly anhydride after 2 days. 

33 Materials other than those listed were not studied due 

34 to polymer degradation. Sable XV described the 



PCT/US87/03091 

WO 88/03785 



-43- 

1 attachment of pancreatic cells (islets and 

2 fibroblasts) on vicryl™ after two weeks in culture. 



Maximum attachment occurs with polymer coated with 
crosslinked or uncrosslinked 11% or 1.5* gelatin and 
collagen. Very little attachment of these cells to 
polyorthoester and polyanhydride samples was observed. 

7 Table V is the attachment of islet cells after two 

8 weeks in culture, with maximum attachment again 

9 occurring with polymer coated with collagen. 



3 
4 
5 
6 



WO 88/03785 



PCTj[US87/«3091 



-44- 
T&BLB I 

3T3 CELLS ON VICRYL* AFTER 5 DAYS XM CULTURE 

Pol ymer Attachment 
Control (untreated Vicryl* Very little 

with no cells) degradation 
Untreated 0 
Agar (5*) 1 
Agarose (6.7%). . 1 
Gelatin (11%) -crosslinked 2. - 

Gelatin (11%). 4 
Gelatin (1.5%) -crosslinked 3 
Gum arable (11%) 1 
Gelatin (11%) Gum arable 2 

(11%) -crosslinked 
Collagen * 
Collagen - phosphate 4 
pH 4, 2 days 1 
pH 4 , 5 days 0 
pH 4, 7 days 0 
pH 7 , 2 days 3 
pH. 7,5 days 2 
pE 7, 7 days 1 
pH 10, 2 days 0-1 
pH 10, 5 days 0 
pE 10, 7 days 0 

Scale 

0 NO viable cells 

1 Minimal cell attachment 

2 Moderate cell attachment 

3 Good cell attachment 

4 Better cell attachment 

5 Excellent cell attachment 
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TUBLB II 

3T3 CELLS ON POLYORTHOBSTER 

Attachment Attachment 

golxmer: after 2 days after 5 da gs 

control (untreated, with Some Considerable 

no cells) degradation degradation 

Untreated 1 1 

Agar (5%) 1 1 

Agarose (6.7%) 1 1 

Gelatin (11*) crosslinked 2 4+ 

Gelatin (11*) gum 11% 4 2 

crosslinked 

Sum arable (11*) 1 1 

1 o 



pH 4, 2 days 

a-l 
pH 4, 5 days * 

pH 4, 7 days 1 

pH 7, 2 days 3 2 

4 3 

2 1 



pH 7, 5 days 4 



pH 7, 7 days 
pH 10, 2 days * 
pH 10, 5 days 0 0 

pH 10, 7 days 4 3 

Scale 

0 No viable cells 

1 Minimal cell attachment 

2 Moderate cell attachment 

3 Good cell attachment 

4 Better cell attachment 

5 Excellent cell attachment 
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1*BL& III 



3T3 ON POLYAHHYDR1DB 



Polymer Control 

(untreat ^, "<> sells > 

Untreated 

Agar (5%) 

Agarose <6.7%> 

Gum arable (11%) 



Attachment 
2 davs 
4+ 

0 
0 
2 



Attachment 
aftgg 5 days 
2 
0 
0 
0 



Scale 

0 No viable cells 

1 Minimal cell attachment 

2 Moderate cell attachment 

3 Good cell attachment. 

4 Better cell attachment 

5 Excellent cell attachment 
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TABI»5 IV 

PANCREATIC CELLS ON VICRYL* AFTER 2 WEEKS 
HI CULTURE (MIXTURE OF ISLETS AND FIBROBLASTS) 

Polymer Attachment 
Control (untreated. Little, if any 

, , _ v degradation 

no cells) 

Untreated 

Agar (2%) 

Agarose (2%) 

Gelatin (11%) crosslinked 4 
Gelatin (11*) 4+ 
Gelatin (1.5%) crosslinked 2 
Gelatin (1.5%) 4+ 
Gun arable (1.5%) 1 
Gelatin (1.5%) /Gum arabic 1 

(1.5%) crosslinked 
Gelatin (1.5%) /Gum arabic (1.5%) 2 
Collagen 



0 
1 
1 



4++ 



Collagen - phosphate buffer 3 

0 

0 



P H 4, 2 days 
pH 4, 4 days 
pH 7, 2 days 1 
P H 7, 4 days 3 
pH 10, 2 days 1 

Scale 

0 No viable cells 

1 Minimal cell attachment 

2 Moderate cell attachment 

3 Good cell attachment 

4 Better cell attachment 

5 Excellent cell attachment 
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TABLE V 



PANCREATIC ISLETS ON VICRYL* 
2 WEEKS IS" CULTURE 



Polymer 

Control (un treated, 

no calls) 
Untreated . 

Gelatin 111*) crosslinked 

Gelatin (11%) 

Gelatin (1.5*) 

Collagen 

pH 7, 5 days 

pH 10, 3 days 



Attachment 
Very little 
degradation 

Q 
2 
4 

3- 

4-M- 

2 

2 



Scale 

0 Mo viable cells 

1 Minimal cell attachment 

2 Moderate cell attachment 

3 Good cell attachment 

4 Better cell attachment 

5 Excellent cell attachment 
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The method of the present invention is highly 
versatile aad useful both ia. ZiZ© aad 1** vitro . Foff 
^18, cells ©a poXym®*.*!*®** safest in StotrigeX 
6 CBS be used to create three-dimeasioaal organ 

5 structures ia Tltro . For gigS applications, the 

6 polymer structure is tailored to fit the cells so that 

7 the desired function and itnsttrt la obtained aftesr 
3 implantatiea, aad so that cell growth, proliferation 
9 aad fuactioa oan be achieved initially ia otfU 

10 culture. The criteria for successful growth aad 

11 implantatioa is- whea the traasplaat demoastretes 

12 fuactioaal eguivaleuey to the ergaa which it as 

13 replacing or siipplemeating. For example, a functional 

14 kidaey would not aecessarily have to maaufacture ream 

15 as long as it functions as aa effective dialysis 

16 apparatus, removing concentrated low molecular weight 

17 materials from the bloodstream, h fuactioaal liver 
say oaly need to produce protein such as eoagulatioa 
factors and excrete bile. For this purpose the liver 
transplant could be implanted ia the omentum, the 
fatty, highly vasculated membrane adjacent to the 
small intestine. A functional intestine should be 
able to absorb sufficient autrieats to sustain life. 
This could be ia the form of caloric solutioas rather 

25 thaa normal *£ oodstuf S s" . 

26 -secretory- organs ia addition to a liver or a 
37 pancreas can be made by applying *fce same method of 
28 selecting secretory cells, constructing a matrix, 
3§> eulturiag the cell on the matrix, and implaatiag the 

30 eell-matriss structure into an area which promotes 

31 vasculatioa of the cell-matriss structure. 

33 as demonstrated in Figure If), "organs" othes? 

33 thaa secretory organs can be made using the method of 

34 the present invention. Nerves may be constructed 
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1 agia© long gibers 52 eoataiaiag au appropriate" aerve 

2 eell S4 t© form a a©^e structure §6- FellosTiag - 

3 growta. ©f tae aerv© al©ag t&® leagta ©f ta© fiber, ta© 

4 structure 56 Is iaplsated at fea®. approprist© location 3* 
I ©s?t©adiag fros s a©rve sourc© t© ta© sr©®- ia «ai©& 

6 b©e"V© futaetiea is de'sinad*- " 

7 &s sao^m la I?igo ' 3©a sad fig. 26b, tbe Reseat. 

8 iaveatiea eaa be utilized £a patieats suf feriag fres 

9 cardiac syepatay- Muscle e©lls sr© gr©?m ©a p©lym©r 

10 spicules (B-is* 20b>, ??aieh ar© ta©& esaJaedded ©a feb© 

11 surface ef tae heart itself (Ifi©- 20a) «, Xsi aecordauce 

12 witbt&e pr©vi©usly diseusssd priaciples* fca© damaged 

13 ft©art itself weuld a©t be replaced but new, streag 
1« siusel© tissue would ©sow acres© tae ' Aaiaaged .ares* 

15 &eatiag ia ssaeteeay idtk ta© tmderlyiag ; tissue, aad 

16 resteriag s©sae ©f ta© lost fuaetica aad partially 

17 remodeliag the sear tissue « 

It & a«sa&er ©2 "dif£©reat si©tfe@ds aave beea used t© 

It create aa artificial s&ia, primarily for use ia 
30 treatiag atara pati©ats„ §ae ssest successful of tbes© 

21 use a biodegradable aatria& ©fe©llagea sraieb is seeded 

22 wita epithelial cells, attached, t© tbe «©uad site aad- ' 
33 overlaid ??ith a moisture impermeable membrsa© formed 

26 of a a©a~eegradafele material' such * as slllce-ae- • 
25 &lta©ugh these methods are elaim©d t© b© useful ia tae 
36 coustruetlea of ©t&er. ©rgaas' aaviag a smaller surface 

27 area .sad larger voles©, suea a© liver aad passer ©as, 

2.S they ar© aot ©ffeetiv© rehea actually ssttexapt@d» Sher© as 
39. is a© ree©gaiti©a ©f- ta© a©ed . t@ provid© a high 

30 surfae© area ' structure- which" allows attaeameat aad <o 

31 pr©liferati©a ©f cell® ia vitro, pri©s to 

32 laplaatatl©a Q 5-© fee successful, tae structure must be 

33 desigaed t© ©ll©w ade<suat© dif fusiea . of autrieafcs, . 
Si, .waste removal, ' aad respirati©a ia tae. abseae© ©f 
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1 macular isatioa. Unless the Mils are aosre ^ less 

« a equally ae * i8 ' wifc * ass shall °^ ° a 

3 c eaceatratiea grsdieat as possible, this -ill 

6 ©ccar. As t&a cells multiply, ^ passes© af 
S autrieats, wastes, and gases to aad from the ^ 
i feeeemes limits aad the cells farthest from the media 

7 die. Siace " the artificial skin implaats eser© 
S immediately placed ea the uaderlyiag tissue so that 
f eapillary growth into the matrix begins prior to any 

10 sigaificaat iacreese ia cell density, this has not 

11 previously beea a eoasideratiea- 

12 sa® eoaeept of Chimeric Bfeemorphogeaesis fciages 
asoa the ability of cells to fee aourished by diffusion 
until vascular ingrowth of the growiag cell mags 
oee ^ So It was hypothesised that solid implaats of a 

16 eell-matris ceaf iguratiea usiag collagen or solatia 

17 seeded with cells are limited in sise by the physical 
eeastraiats of diffusion Others are preseatly using 
complex aatural matrices seeded with cells to produce 

^ "organ eguivaleuts* . Oae is a collagen gel that 
21 appears to be a hydrated solutioa of Type I collagen. 
33 The fello^iag experiment tests the ability of this 

23 hydrated eollagea to allow diffusioa of aatrieats. to a 

24 cell population, 

35 Bovine capillary eadothelial cells *ere plated 

ia gelatin coated 24 well tissue culture dishes aad 
allowed to attach overnight, She iaitial cell number 
was 1 s 1© S cells. The following day the cells were 
overlay©* with diff ereat volumes of collagen Type 2 at 
a final solutioa of ©,32*, & staadard volume of media 

31 was placed o*er the collagen so that the distaace of 

32 autrieat scarce varied to the cells. The media was 

33 optimised for growth of boviae capillary endothelium, 

34 Dulbecco's miaimal essential media, IN calf serum. 
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1 &ad r©t±aal=deriv©d grewta feefeoe at a eoaeeafesafeies 

2 ©f 10 yi/al w©r© uge&. d©si©t©d 4s iieur© 21a, ts© 

3 fcsieka©®© ©£ e©XXss©n iafeesfspersed beteeea ©ells 

4 aad fca© modi* was 0, 3»0 mm, §«© »^ ^ d 13 - & ' 

5 mm. &fe 34 aoar®, £a© sgfiia ©ad e©lla@©a were removed 
.S sa<a tea©' ©ells wses e©nsafc©d,» 

' 7 ©s£*®r£m©atal r««&lfca> ©rg^aed'ia Figur© 21&, 

S es@©afcialX3r as sredietedo &s ta© i&iekaegiB ©5£ 

9 the aydrefeed collages matrix "wa© lacrea@©d, ta© ©ell 

10 viability «eereaseS. Initial ©©!£ eemats after e»Xl 

11 sttaefcmeats were 8®, ISO £ 3719. addaeeat t© 

12 media wita©ut ta© ist©rp©*iti©a ©£ a e©Xlag©a maferiss 

13 dolled la a- 24 a©?ar geriod t© 1&3, 2.33 :lr 8582- & 

14 aydrated ©©Xlagea gel e* 3 ma ia taieteao^s feetweea 

15 media sad ©ells resulted £a a sell auafeer 49,587 ^ 

16 3708= "Sal© decreased t© 26,513 ± 3015 at 5*5- sea, 4593 

17 £ 899 9 am sad 5390 £ 588 at 12 aa~ &11 ©£ 
IS cells at 9 sad 12 am were ressaded mad aeaviafel©- 

19 Fie^s© 22 fir© 9&©tegraE»h& demeastratiag 

20 ©et ©2 dl££iasi©a distaae© ©a ©ell viability sad 

21 gr©li£es?ati©as (a> ©©lis £r@m ta© ©©ats?©X well «£ter 

22 tweaty-£©ur hour*, tae cell aumber fes^tag doubled ia 

23 ttyeafcf-getxE' aourgj (©> ©ell® ©seriated ^rita S»5 mm ©£ 

24 0.32% ©©llagea, @a©wia@ taat the ©ell liability is? 

25 markedly dimiaisasd aad ta© . ©ell atsmfesr is £ar !©©sn 
2S tbaa ta© iaitial platiag . aiamfeer? aad te) sells 

27 overlayad with . 12' mm ©2 aydrated- e©XXag©a " pla©©d 

28 b©tweea- media aad ©ells,, saowiag that all of tae*@ 

29 ©©11® are r©isad©d amd-bav© died* 

3© 'Eaeg© data srctpgort S&t ©©a©©pt e£ dl££«si©a" 

31 dlstaaee feeiag a erltieal eoms©a©at ©f eel! viability 

32 aad gr©wta £er @aeeess£ral impla&tsti©&o Sa© ©©aeept 

33 ©S eai£©rsa ©ell seeding ©2; a e©llag©a ©el %& ta©re£©se 

34 &i©l©sieally limited fey dif.fasi©a distaa©© 
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1 constraints. One would expect that an implant of less 

2 than 1 cm- would- result in cell viability at the 

3 periphery of the implant to a depth of 3-5 mm. 
However, the cells in the center of the implant would 
not remain viable because of limitation of nutrition, 
diffusion, as well as gas exchange. One can envision 
large flat gels with very small thicknesses of 5-10 mm 

0 W uld allow larger implants to occur. However, this 
9 two dimensional solution may have geometric 
constraints for implantation. It is also clear that 
increasing cell density, diffusion would be more 



10 



11 by 



limited, and, therefore, the distances would be 
commensurately smaller. 

Although this invention has been described with 
reference to specific embodiments, variations and 
ffl odif ications' of the method and means for constructing 
artificial organs by culturing cells on matrices 
having maximized surface area and exposure to the 
surrounding nutrient-containing environment will be 

20 apparent to those skilled in the art. Such 

21 modifications and variations are intended to come 

22 within the scope of the appended claims. 
23 
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1 1. A method for controlled cellular 

2 implantation using artificial matrices comprising? 

3 a. providing a matrix formed off a 

4 biocompatible material, said material being 

5 formable into a specific desired shape,. and 

6 configured to uniformly support cell growth in a 

7 nutrient solution, having sufficient area to 

8 allow adequate diffusion of nutrients, 

9 elimination of waste, and adequate gas exchange 

10 from the nutrient solution to all of the cells 

11 such that cellular growth and differentiation 

12 can occur both prior to the ingrowth of blood 

13 vessels following implantation and after 

14 implantation as further cell proliferation 

15 occurs. 

Ig 2. The method off claim 1 further comprising 

17 selecting a biodegradable polymer as the* matrix 

18 material. 

19 3. The method of claim 2 further comprising r - 
2 a b. providing a population of cells to be 

21 implanted; 

22 c. seeding said matrix with the cells; and 
2*3 d. growing the cells on said matrix in a 

24 nutrient solution to form a cell matrix 

25 structure, 

26 4- The method off claim 3 further comprising; . 

27 e . implanting said cell-matrix structure 

28 in a host at a location having adequate 

29 vascularization to allow growth of blood vessels 

30 into said cell-matrix structure. 

31 5. The method of claim 4 further comprising 

32 first implanting a matrix formed off a biodegradable 

33 polymer including de-differentiation factors into the 
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1 host at the location sai* eell-aatri* structur© 

2 is fco b© is&p!&afc©^° 

3 S. «?h© met&o^ of ©lais 4 furthsr eoapsrisia© 
« iaplaatiag a<*diti©aal oell-aatri* struetur©* 1«1DB 
5 fiiff ereat ©©11 pspuXatioas ia eaajuactioa with ta© 
g first e®ll-aatri3s gstr^etur®* 

7 ? <£h® a©th©<a ©f elaia 3 fartaer eeapriniag 

i rea©*ia 0 lyaphosyt©* froa the cell pop^latioa pri©r to 
9 se@diag» 

8. ?h@ aethod of elaia 3 further eoapriiiiae 
aodifyiag the cell* to alter the aatigea esspressioa oa 

12 th© eell surfa©©. 

13 g. a Sh© a©th©d ©f elaia 4 further eeaprisiag 

14 seleetiag c©ll« of a tissue tsp© ©©apatible with th© 

15 h©st°@ sells - 

1S io . The a©th©d ©f elaia 1 further eeaprisiae 

E>r©*idias eoap©uads sel©oted fr©a th© group e©asistia@ 
of autri©ats, ©©factors, growth faet©rs, coapouads 
stiaulatiag aagioseaesis . : iaaaaoaofialators , iahibit©rs 
of iaflaaaatiea, regressioa faeters, faeters 
stiaulatiag dif f ereatiatiea aad dedif f ereatiatioa, 
bi©logieally aetis?© aeleeules stiaulatiag lyaphatie 
aetwerk iagrotfth, factors ©ahaaeiag aer^r© growth and 
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11. Th© a©tbod of el&ia 1 further eoaprisiag 

36 se l©etiag th© bi©e©apatibl© aaterial f©r th© group 

27 ooasistia® ©f pely©rth©©ste*s , poly aahydr ides , 

38 pelyglyeolie aei<S, hasea©at aeabraa© <soapoa@ats, agar, 

2f agar©s®, gelatia, gua arabie, eellagea types I, 

30 XV, aad . ▼« fibr®a©etia, laaiaia, 

31 glyeosaaineslycaas, aad ©eapless aisstures th©reof . 

3g " 12o a ©feh@d ©f elaia 1 tfhereia th© 

33 bioeeapatibl© aat©rial is sel©et©d from th© greup ©f 
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I safce^ials waiea as© fciodeflradabl© £»t© a©a-£esi©, aea- 
3 isBBRsaoeeaie, a©aia21asffiaefc©s?F e©S9p©«afis» 

3 ». • 'Sa© aefeaod ©2- ©laisa 1: wtoeia t&© 

« Meeespati&ls safcesial is e©aZ£grare<3 s*8 * e©afe©ra*©di 
5 Sis© ©• 

g . 16o ^® aeaefi of .©laisa 1 waes-eia tae 

7 bi©eosapat£fel© safcesfial is' ia a gi&srou® S©s?sa^ 
g ISo ' Th& sae£a©<& ©£ elsis 3 grarfcfces? eom^isias 

§ geleefcias fca© ©©lis f£©a ta© group e©asisfc£a@ ©£ 
1© aesafc©©yte&, &il® <^efc ©ells, sasrataysroiS ©elUr, 

II thyroid ©ell*, cells ©S ta® a<£reaal~aysH^aalaa£©= 

12 pituitary &3g£®* fceart srcuiele ©©lis, 3s£«3aey ©pita©lial 

13 ©©lis, -feidaey tabula* ©©lis, feiflaey feasosa©at sa©saks?aa® 

14 ©©lis, n@^® cells, felo©©- vessel «©lle,±ateistiasl 
is' ©ell®, ©©11® ^©saai&f? fe©a© aad cartilage „ ssneofcia sa«S 
li skeletal aasel©» 

17 a g 0 artificial a&teis for eoatrollee. ©ell 

18 growth ia a aiatrieat s©luti©a eosaprisiag; 

19 a 



20 presri©.® p©iatas ©£ attaeameat 2©r a sell 

21 suspessiea, said aatriss feeiag e©a£iger©<i to 

22 vaairersaly support ©ell gz©wta ia a autrieat 

23 : solutiea, aa^ia© sufficient &r*« to allow 
2 ^ adeeuafee digfusloa ©2 autri©ats e ©lisiiaafcioa ©2 
2S -wast®, aa& ade<auat® ©as esse&sa©© srom tae 
2S autrieat s©lut£@a to ell ©2 t&© ©©lis suea t&at, 
27 a&s©a©e ©£ a.-^msemlar- ae£ss©rSg, suffieieat 
2© eellulsu? srewta aafi &£g2er©afc£at£@s ©aa ©eeur t@ 
29 2©rsa si tfcr©s <lia©asi@aal eell-saatr£s& structure.. 
so - it . <£a© sastrias ©2 ©laisa IS waereia ta© ®a£riss 

31 is constructed te a material selected from t&® group 

32 ©©aaistiae" ©£ . poly&afiydrides , pelyortHoesters, 

33 ©©lyglyceli© aeid, ©©llagea, pelym©taaeryiate r silieea 

34 . polymers* ff aad e©safe£aati©s® tfeer©©£- 
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3. 18, The aatri* of elaia 16 further ceaprisiag 

3 aa ©Lesley©? ©ahaaeiag cell &ttae&a©at. 

lf . she aatri* eg elaia IS tftmla said seeoad 
material is ssleeted frea the gr©up of materials *hich 
eafeaa ee adheaioa of to ^ £ ® e<s eg SSi * 

aatri* eoaaistiag of agar, ae»M. solatia, gua 

7 arable, baseaeat Mrinm material, collages types S, 

8 IS. Ill, SV, aad V, fibreaeetia, laaiaia, 

9 glyeosaaiaoglyeaaa , sad eoaples: mixtures thereof . 

10 20. The aatri* of claia IS whereia the aatrxx 

11 is disc shaped and has specifically sealed 

12 depression for cell attachaeat. 

13 " 3i . aatris of elaia IS whereia ©aid aatras 

14 is a fibrous structure, 

15 22 . The aatrix of claia 31 wheraia said fibres 

16 structure iaeludes hollow fibers. 

17 23. The aatri* of olaia 21 herein said fibrous 

18 sfcrtaefcu^e includes solid £ibe^s« 

19 """"" 24, The aatris of elaia IS whereia said aatri* 

20 is biodegradable, 

21 2 5 . The aatriss of elaia IS whereia ©aid aatriss 

22 is eoafigured as spicules, 

23 36. The aatrias of elaia IS further eoaprisxag 
eea^ouuds selected froa the group ecasistiag of 
autrieats, growth factors, ©©factors, eoapouads 
atiaulatiag aagiegeaesis, iaaua©aedulat©rs , iahibitors 

27 of iaflaaaatiea, regressiea factors, factors 

28 sfciaulatiag dif f ereatiatioa aad de-dif f ereatiatioa, 
f 29 biologically aetiVe aeleeules stiaulatiag lyaphetae 

30 aetwerfe iagrowth, factor® eahaaeiag aer^e growth, 
* 31 drugs aad eoabiaatioas thereof, 

32 27. The matrix of elaia IS wheroia said aatsriss 

33 is ©oafisured to provide separate areas of attaehaeat 

34 gor cells of dififereat ©rigia. 
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! 28. The matrix of claim 27 wherein said matrix 

2 is conf ioured to support growth of tubular structures 

3 within said matrix. 

4 2». The matrix of claim 16 comprising separate 

5 areas constructed to maximize attachment and srowth of 

6 different cell populations. 
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